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Abstract 
Paper summarizes findings concerning implementation of non-metallic membranes into steel structures and related 
results of practical experiences with measurement of internal forces in linear prestressed elements including methods of 
their activation. Primarily, it deals with the correct design of non-metallic membranes integrated into steel structural system, 
possibilities of global analyses employing common engineering software, methods of internal forces determination and 
introduction of prestressing to the structure during its activation and under operation. In the part concerning measurements 
of internal forces in prestressed elements, the strain gauge measurement, frequency measurement and measurements using 
instrumentation for cable and rod elements are described in details. 
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1. Introduction 
Membranes as tensile surface structures, traditionally employed for temporary and complementary shelters, 
are more and more used as permanent, extraordinary and wide-span light-weight structures. Recent 
development and refinement of suitable materials, namely coated fabrics (mostly polyester fabrics with PVC 
coating or glass fiber fabric with PTFE coating), plastic foils (ETFE/EFEP or THV) and linear load-bearing 
elements (ropes incl. necessary fittings, webbing, keders) enabled unique structures predominating in span, 
three-dimensional shape and extremely low weight [1-2]. Supporting steel framework is usually integral part of 
the structure. Steel elements are used as anchor, perimeter, valley and ridge ropes and also as stiff load-bearing 
structure and anchorage. In design, purpose-made software analyzing separated membranes alone is commonly 
used, supplying the resulting forces and deflections for analysis of supporting steel framework. Such procedure, 
however, leads to considerably misrepresented results.  
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The present paper, therefore, deals with membranes integrated into steel structure and interprets design 
possibilities using commonly available software. The study assumes a routine prestressing of membranes and 
deals with realistic methods of assembly and prestressing. The appropriate level of the prestressing is a 
fundamental prerequisite of the due structural behavior. In the second part, the paper summarizes the 
experience received from experimental measurement of the rope or rod prestressing.   
2. Design of a steel framework with membrane elements 
Designers may more and more frequently expect requirement to integrate a membrane into load-bearing 
steel structure. There is a question, whether results of separate membrane analysis may be introduced into steel 
frame analysis and vice versa. The shortages of such procedure are analyzed and techniques to their 
minimization are proposed in the following paragraphs. Mechanically prestressed membranes, with 
anticlastically curved shapes, are treated only.  
2.1. Preconditions for correct design of a steel framework with integrated non-metallic membrane 
The prestressing of a membrane is an essential requirement, providing geometrical rigidity and ability to 
take over a loading producing reverse straining. The prestressing may be introduced into the membranes 
according to erection methods: either by extension of a membrane in two reverse curved directions among four 
points with two of them in higher position (hyperbolic paraboloid shape) or by extension of a membrane 
against stiff perimeter/point supporting structure (arches, high points, ridge and valley).   
 
In practice, separate modeling of a membrane and steel framework is common. The membrane is designed 
by a specialized office and boundary data given to steel designer. However, the interaction between membrane 
and steelwork is obvious. Separate modeling may only be successful provided the design of the membrane 
considers geometry and rigidity of the supporting framework (arches, frames, pylons, perimeter elements, etc.). 
In case the support behaves elastically, the introduction of real rigidities is necessary, otherwise resultant 
membrane stresses and deflections are distorted and data provided to the designer of steel structure as well.  
 
Such situation is demonstrated through comparing various models of a typical arch membrane spanned 
between arch edges, Fig. 1(a). The membrane characteristics are: E = 1000 MPa, Q =0.25, t = 1 mm (membrane 
thickness). Two models were investigated: first the steel tube arches built-in at supports both in and out of 
plane (tubes 324x25 [mm]), second the rigid support along arch shape.  
Fig. 1. (a) Arch membrane between arch beams; (b) unit transverse membrane force nx [N/mm] with arch beams (left) / rigid support (right) 
Under vertical (snow) loading 1 kN/m2 the maximal transverse unit force for stiff support is 12 % higher 
than for tube arches due to redistribution, see Fig. 1(b), while deflection reaches 59 % only. Taking those 
values would lead to incorrect lower prestressing of the membrane. Nevertheless, it is not easy to simulate 
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flexible arch tubes by elastic linear support, because the value of rigidity along the arches is changing. 
Parametric studies with various arch beams, their spans, cambers and dimensions clarified the support rigidity.  
 
Another prerequisite for correct analysis requires modeling of prestressing which corresponds the 
introduction of the prestressing. Designing the steel framework, not only membrane reactions but also 
membrane rigidity and deflections from prestressing have to be allowed for. Way of prestressing is illustrated 
for simple membrane in Fig. 2, where the same prestressing (about 1 N/mm all directions) is reached by two 
ways: first the perimeter ropes are shortened, implicating top of pylons moving into membrane center (max. 
approx. 33 mm); second the prestressing of outer guys moves the top of pylons outer direction (max. approx. 
29 mm). More complex structures require consideration of the erection methods in numerical modeling. 
Fig. 2. Simple membrane, analyzed with different methods of prestressing  
2.2. Global analysis of membrane and steelwork interaction using common software 
Present common software enables joint modeling of membranes with steel framework. It is always 
necessary to introduce prestressing as fundamental load case (and permanent action), before any other variable 
loading. The prestressing represents basic configuration of the structure, capable to bear other loadings. 
Prestressing has to ensure only tensile stresses within the membrane, which may be verified by linear analysis 
(LA). Calculation of action combinations requires geometrically nonlinear analysis (GNA) and due numerical 
iterative procedure (e.g. N-R). It is advised to start with minimal number of freedom releases and strut 
nonlinearities (e.g. tension members only). As far as the model is stable and converges, these may be 
supplemented. More complicated assemblies always require coherent knowledge of behavior of all elements of 
the designed structure.      
 
To verify common software SCIA Engineer [3] the GNA results were compared with results of software 
COMMSOL Multiphysics - Structural Mechanics module [4], which analyses physical tasks expressed through 
partial differential equations (PDE) by FEM. First simple square membrane (3000x3000x1 [mm]) prestressed 
in all direction by shortening H = 0.001, second arch shape membrane (plan dimensions 10x3 [m], camber 2 m) 
with H = 0.004 were studied, both loaded vertically with 1 kN/m2. The greatest differences were found to be in 
the second case (internal forces COMSOL/SCIA 122 %, deflections 114 %, provided the standard shell 
elements were used; 133%  and 159 % respectively, provided tension membrane elements were used). In 
general was concluded, that using shell SCIA elements the results proved good agreement in all values of 
internal forces and deflections and the software is capable of credible modelling.  
3. Measurement of internal forces in prestressed structure during activation and under operation 
The correct level of prestressing in all structural parts (guys, ties, perimeter ropes, membranes) is 
fundamental. Methods of measurements are briefly described: 
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3.1. Measurement before commencement and during erection 
Strain gauges are frequently used. Use of strain gauges requires full bridge (gauges on both surfaces of the 
rods to exclude bending moment and compensating ones to eliminate temperature influence). The gauges have 
to be installed and read before prestressing to establish initial values (unloading already stressed element is 
usually unfeasible). Some difficulties arise in placement of gauges at ropes. The only suitable position is at 
circular section just at or behind anchor or turnbuckle. However, stresses are not uniformly distributed due to 
change from sleeve to full cross section and their concentration on surface is evident. Either calibration of the 
measurement or insertion of load cells is necessary (provided aesthetics or detailing enable such solution).  
Transducers of various types (mechanical, inductive etc.) are option to the above. 
Inserted load cells (or calibrated manometers of hydraulic devices) are useful in case of final activation of 
elements as long as no other straining is induced by introduced prestressing.   
3.2. Measurement on already prestressed structure 
Frequency measurement may be used, consisting in determination of natural frequency of the element 
transverse vibration [5].  The axial force may be derived from theory of string with respect to bending stiffness, 
axial force, sag, boundary conditions (e.g. boundary elasticity may complicate the results), placement of 
turnbuckles (violating uniform mass along the element). In case of two hinged element simple formula for axial 
force at j- frequency reads: 
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Axial element force may also be determined from calibrated relation deflection-axial force using the special 
testing device. The instrument is shown in Fig. 3, with saddles accommodating the measured element. The 
force induced by the jack to produce required deflection is measured through calibrated sensor. The device [6] 
is designed and calibrated for certain range of rope diameters. 
 
Another method of axial force determination consists in measuring of electromagnetic permeability. The 
method is applicable to rods. However, the material of the specimen needs laboratory investigation. 
 
Membrane state of stresses may also be established by measurement. Producers of membranes developed 
various instrumentation for this reason. One of them works on principle of frequency response of acoustic 
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spectrum excitation in given boundary conditions. From the response the natural frequency are determined and 
in accordance with investigated material also the internal stresses. Another method works on similar principle 
as the instrument for measurement of axial force in ropes described above. Measured is the deflection induced 
by a piston force of given value acting at circle base.  
 
 
 
 
 
 
 
 
Fig. 3. Scheme of instrument PIAB RTM 20C for measurement of axial force in a loaded rope 
Determination of internal forces in prominent structures often requires combination of the described 
methods. The choice is influenced by the element type, ratio of prestressing/resistance, anticipated value of 
prestressing, weather conditions etc. 
4. Experiences with measurements of internal forces 
To evaluate the resulting internal forces in rod and rope elements, various methods of measurement were 
used and results compared. 
 
First prestressing force in a steel rod/tie was measured. The tie formed bracing of a steel structure. The tie 
was prestressed to required force by a hydraulic system with pressure indication, enabling to determine the 
axial tie force. First, method described above, using strain gauges arranged in full bridge with thermal 
compensators were used. Secondly, frequency measurement was employed, using purpose-made 
instrumentation with triaxial accelerometer and digital data transmission [7]. After an impulse of loading, the 
response of natural frequencies was monitored, Fig. 4. Resulting forces emerge from average values of three 
measurements.    
Fig. 4. Record of acceleration perpendicularly to axis of tie (left); Analysis of the vibration spectrum by FFT 
Evaluation of equations (1), (2) shows the better agreement with eq. (2) (i.e. rigid fixing in boundaries), 
where the tension force in 97.3 % agreed with measuring by strain gauges (while 114.4 % acc. (1)). Frequency 
measurement also pointed out to need of using second and higher frequencies in the evaluation, as the first one 
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is usually not legible. Within the measurement the nonlinear behavior and/or damping were not studied but 
expected as negligible.   
 
Second the prestressing force in a rope was measured. Special lab specimen according to Fig. 5, from 6-
strand rope of 12.5 mm diameter with wires of 0.56 mm and strength 160 MPa were prepared, length 4000 mm 
between swaged sleeves. One support was optionally equipped with a cantilever of given rigidity to create 
elastic propping. Tension from standard turnbuckle was measured by digital calibrated load cell. The other 
measurement was performed by 3 methods: strain gauges, instrument PIAB, by accelerometer (details above).  
Fig. 5. Scheme of specimen during measurement of tension force 
From comparison of results follows:  
x Strain gauges measurement: low forces (roughly up to 3 % of strength) give incorrect values; for higher 
forces the difference from right value is constant and may be used as calibration coefficient. 
x PIAB RTM instrumentation: for higher forces (roughly from 5 % of strength) the results are precise; 
average deviation (about 3.1 %) may be used as calibration coefficient. 
x Frequency method: shows increasing deviation in the whole extent of measuring; calculations using the 
first natural frequency gives correct values for rigidly supported rope only, while in case of one-side 
elastic support the results are inapplicable. Force resulting as average from the first 5 frequencies for 
both conditions in supports is, however acceptable. 
5. Conclusion 
The joint modeling of membranes with steel framework using common software (e.g. SCIA Engineer) has 
priority. Any membrane analysis has to consider geometric nonlinearity and sag of ropes from own weight. 
Using separate modeling requires taking into account mutual interaction of the membrane and steelwork, 
including method of activation of prestressing etc. 
 
Methods for determination of internal forces described in the paper may be used during assembly and 
prestressing as the results are in good agreement with reality. 
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